Abstract: An autoclave hypercritical drying procedure has been used to prepare precursors of MgO from Mg(OCH 3 ) 2 . This material was prepared with a speci c surface area of 1200 m 2 g 1 . The dehydrated materials consisted of much smaller crystallites than conventionally prepared MgO and were free of OCH 3 groups . The precursors and samples of magnesium oxide were taken for experimental evaluation of their reactivity with mustard. The largest percentage of the conversion mustard into non-toxic products after the elapse of the reaction was 77%.
Introduction
Nanosized inorganic oxides are regarded as promising non-aggressive reagents useable for the treatment of sensitive materials contaminated with lethally toxic chemical agents, namely the nerve agents (sarin, soman, VX agent, etc.) as well as blistering agents (e.g. mustard). The detoxi¯cation capability of those highly dispersed oxides (e.g. MgO, CaO, ZnO, AlO x (HO) y , ZrO, TiO 2 ) has been extensively studied and reported [1] [2] [3] [4] [5] . Products of corresponding reactions have been investigated and the respective detoxi¯cation reaction mechanisms have already been proposed. The detoxi¯cation reactions have been shown to proceed mainly on the surface of the nanoparticles leading to non-toxic products even at ambient temperature.
Reactivity of the nanosized MgO towards the toxic agents has been described more profoundly by Wagner et al [4] . The following basic knowledge has been revealed: { All mentioned toxic agents can be detoxi¯ed, i.e. converted into their non-toxic products, within a reasonable time period, so that the activity of the reagent is versatile. { The chemical activity of the MgO surface cannot be considered uniform but the more active centres are preferentially located at activated sites or defects along the surface of the nanoparticles, e.g. edges, corners, etc. { Heterogeneous reactions of the respective neat toxic agents exhibit two-stage kinetics when proceeded on the MgO nanoparticle surface. The initial fast stage can be attributed to the reaction of a given agent at highly active reaction centres, and the second stage is explained as a process of slower transport of the agent along surface from less active site(s) to more reactive one(s). The process of a secondary redistribution of the neat agent over a surface was convincingly correlated with the respective evaporation rate (agent vapour pressure) as to be a rate-limiting factor. The main aims of the work were:
{ To investigate the respective method and procedure of preparation of the nanosized magnesium oxide. { Characterise the respective synthesised magnesium oxide samples. { Evaluate the prepared oxides for their respective detoxi¯cation activities. { Assess whether the overall activity of the prepared oxides could be increased utilising an e®ective solvent which is potentially more capable of distributing the toxic agent over the whole surface of the oxide. Magnesium oxide is commonly obtained by thermal decomposition of magnesium hydroxide or carbonate [6] , [7] and more recently by a sol-gel process [8] , [9] . The oxide morphology, particle size and speci¯c surface area depend on the preparation conditions (pH, gelling agent, calcinations rate and temperature). It has been documented that methoxide or alkoxide-based sol{gel synthesis of metal hydroxides followed by supercritical drying and vacuum dehydration can lead to the formation of nanoparticles of metal oxides [10] [11] [12] [13] [14] [15] .
In considering the ways in how to additionally facilitate the respective detoxi¯cation reaction, the two following approaches may be proposed to stimulate the overall course of the reaction, namely:
{ The initial uniform spreading of the agent over the whole surface. { A°ow of the agent along the surface. Since the capillarity of the toxic agents is limited, the agent distribution over the surface of the solid (powdery) reagent could be enhanced utilising a solvent that is capable of both dissolving the toxic agent and wetting the powdery reagent surface, thus penetrating its whole deposit, and spreading there evenly. Moreover, if the chosen solvent is volatile enough it evaporates at the upper layers causing a slow but bene¯cial°ux of the solvent containing the dissolved toxic agent, which passes from bulk up to surface of the reagent deposit (batch).
The detoxi¯cation activities of the prepared samples of magnesium oxides and magnesium hydroxides (i.e. precursors of¯nal nanosized MgO syntheses were evaluated using sulphur mustard, bis(2-chloroethyl) sulphide. The agent was chosen deliberately for the experiments because it has been reported to be relatively resistant to detoxi¯cation [4] . When it is brought together with the nanosized MgO it can yield 2-chlorethyl vinyl sulphide and divinyl sulphide, both of which are products of an elimination reaction, and the thiodiglycol, a product of a nucleophilic substitution reaction.
Experimental section

Preparation of nanoscale magnesium oxide
A modi¯ed autoclave hypercritical procedure has been developed to prepare nanoscale MgO particles. This method has four steps: preparation of Mg(OCH 3 ) 2 by the reaction of magnesium metal with methanol, hydrolysis of Mg(OCH 3 ) 2 in the presence of toluene, hypercritical drying in an autoclave and thermal activation. Commercially available Mg(OCH 3 ) 2 solution (Aldrich, 6 wt % in methanol) were used in lieu of¯rst step. The experimental conditions are summarised in Table 1 . Ultrasound waves [16] were used for hydrolysis of Mg(OCH 3 ) 2 . The hydroxide gel solution was transferred into a 100 ml stainless-steel autoclave. After nitrogen gas°ushing, the autoclave was slowly heated from room temperature to 265 ± C at a rate of 3 ± C/min by the PID controller. The temperature was allowed to equilibrate at 265 ± C for 15 min. The autoclave was vented to release the pressure, which took about 0.5 { 1 min. The autoclave was immediately removed from the oven and cooled to room temperature. The product was removed from the autoclave and dried at 120 ± C. The¯nal product was stored in a bottle under normal conditions.
On the basis of DTA results ( Figure 1 ) the hydrated MgO precursors obtained from the autoclave were heated under dynamic vacuum by using a furnace, controlled by the PID controller, in a stainless steel tube. The temperature ramp was 1 ± C/min. After the heat treatment, the sample was allowed to cool to room temperature.
Characterization methods
The speci¯c surface area of the samples was determined via nitrogen adsorption-desorptions isotherms at liquid nitrogen temperature by using a Coulter SA 3100 instrument. TEM micrographs were obtained using Philips 201 transmission electron microscope, SEM photographs were obtained using Philips XL30 CP scanning electron microscope and X-ray powder di®raction was performed with Siemens D5005 di®ractometer. Qualitative analysis was performed with Bede ZDS for Windows, version 1.99 and JCPDS PDF-2database [17] . DTA-TG measurements were carried out using NETZSCH STA 409 apparatus.
Methodic of disintegrations mustard
Nanosized magnesium samples (precursors, Mg(OH) 2 , as well as magnesium oxides) were evaluated for their ability to convert sulphur mustard (hereafter also signed as HD) into non-toxic products. Synthesised powdery samples were dried over 24 hours in a vacuum kiln (at 100 ± C, 400 Pa) before tests. A weighed portion of a given evaluated nanosized sample was put into a glass vial provided with a solid screw cap (Supelco, type CRS-33).
The toxic agent in a solution of a chosen solvent was dosed onto the powder reagent layer. The vial was sealed with a cap and placed into the thermostat. All experiments were performed at 25 ± C, and each run was repeated four to six times. An addition of isopropylalcohol (ca. 2 mL) terminated the reaction. The suspension was vigorously agitated and the liquid fraction was separated from the solid using a centrifuge (9 000 cc. min ¡1 for 3 minutes), and subsequently analysed for a residual content of the mustard. The respective detoxi¯cation capabilities of the evaluated nanosized samples were expressed as percentages of mustard elimination from the reaction mixture under given experimental conditions.
3 Results and discussion 3.1 Characterization of samples magnesium aerogels Figure 1 shows a typical thermal analysis of the precursors used in the synthesis. Water evolution started at a low temperature (¹ 100 ± C) with a maximum at 139 ± C. Carbon dioxide and water from the decomposition of residual {OCH 3 groups was detected in the gas phase at ¹ 300 ± C and peaked at 396 ± C. The calcination temperature used in the synthesis was 500 ± C. At this temperature the¯nal solids obtained were found to consist primarily of particles of MgO without any traces of precursors. The speci¯c surface area and total pore volume are shown in Table 1 and Table 2 . The speci¯c surface area decreases with increasing temperature of the annealing of precursors. Figure 2 shows the X-ray di®raction patterns of the precursor Mg15/1 and the samples prepared by their thermal treatment. They are all similar and exhibit three characteristic peaks for MgO (periclas, PDF 45-0496). With increasing annealing temperature the intensity of the peaks has been evolved. No di®raction lines of Mg(OH) 2 were detected. Electron micrographs of the selected , samples are shown in Figure 3 (TEM micrographs) Precursor particles (sample Mg15/1) have uniform morphology and particle size as periclase particles (samples Mg15/2-15/6). The particle size from electron micrographs is similar to that of the calculated size from X-ray di®raction (see Table 2 ). The Scherrer equation was applied to estimate a crystallite size and a programme, WinFit v.1.2, was used for calculation of particle size. Mustard was dissolved in the solvents in order to dose approximately the same amounts of the toxic agent onto a layer of the solid tested. The initial concentrations of the mustard in the used solvents are shown in the Table 3 . A 30 mg sample of the Mg 25/2/380 was weighed into each lockable glass vial where subsequently 10 ¹L of HD dissolved in the respective solvents was pipetted onto the magnesium sample. The vials were immediately sealed and put into a thermostat for two hours. Stoichiometric ratios of MgO to HD were ca. (20 -30) to 1, so that the MgO samples were in excess in all experimental cases. Residual content of the HD in the reaction medium was estimated analytically after¯nishing the reaction. The results are summarised in Table 3 .
From the obtained data it is obvious that the extent of the HD conversion is appreciably dependent on the kind of the solvent used under the given reaction conditions. Diethylether seems to be the most convenient solvent, which might mainly be attributed to its pronounced capillarity (based on its low surface tension and viscosity). Except for N,N-dimethyl-pyrrolidone, the observed e®ects of the other solvents on the HD distribution and reaction course do not di®er too much, and within an experimental error they can be considered equally e®ective.
Since diethylether is not practical for use, since it is narcotic, (as well as its other hazardous properties), it was decided that petrolether was a suitable solvent for all further experimental work.
Two common factors should also be considered which can adversely a®ect the reproducibility of the experiments for when HD is dissolved in certain solvents and is dosed onto a layer of a powder reagent: { The structure of the powder layer in a vial can hardly be standardised since the magnesium samples are lumpy (granulated) and the individual lumps do not have a reproducible¯t, thus, the penetration of the reagent with a solvent can somewhat di®er in the individual experiments. { The extent of wetting the surface of the powder can hardly be controlled or checked so far, so that the actual extent of loading the surface with toxic agent with mustard is unknown. Also taking into consideration the fact that the observed reactivity of nanosized reagents is proportionally related to the area of their accessible surface (although di®ering in their respective speci¯c reactivity), then such a parameter as \the extent of wetting" should play an important role. The surface of the nanosized reagents are moistened as evenly and reproducibly as possible, however, this may not be attainable in all replicated experiments. Only when the solvent is dosed in excess can it wet the whole surface reliably. However, in such a case the (local) concentration of the dissolved toxic agent by the surface of the powdered reagent should be appreciably diminished, and consequently the appeared reactivity would be lowered. These circumstances may account for the observed di®erences within a series of the replicated experiments.
The importance of \the extent of loading the nanosized reagent" with the toxic agent was investigated. Using the same volume of the solvent as well as the charge of powder reagents two extents of loading the nanosized reagent were decided for evaluation, namely the mass ratios of the respective magnesium samples vs. the HD and were chosen as follows: 100/1 or 200/1 (i.e. a stoichiometry where the MgO exceeded the HD by a factor of ca. 50 or 100). The reaction time was 1 hour. The results obtained are summarised in the tables below, (Table 4 and Table 5 ). At least two conclusions can be made re°ecting these results: a) the yield of the observed reaction can be increased as the loading of the magnesium reagent surface is decreased under given experimental conditions, and b) magnesium oxides commonly exhibit higher reactivity towards the HD compared with the related magnesium hydroxides although their respective dispersities (thus speci¯c surface area) of the hydroxides (precursors) are comparatively greater, namely by a factor of two or three. Therefore, the observed lower capability of magnesium hydroxides to convert the HD into non-toxic products might be attributed either to their lower inherent reactivity (more likely) or lower ability of the solvent to penetrate into a¯ne-grained structure of those reagents. The kinetic pro¯les that characterise the course of surface heterogeneous reaction of the neat mustard on nanosized magnesium oxides were reported by Wagner et al [4] to have two stages. The reaction is relatively fast during the initial stage while its subsequent course is comparatively slow since being controlled by the redistribution of HD over the surface. It was of interest to investigate the overall course of the reaction if the toxic agent is spread over the nanosized sample being dissolved in petrolether. The Mg 25/2/380 sample was prepared in larger quantity and the current sample was chosen for a kinetic study of the reaction. A sample of 500 mg was weighed and put into six sealable vials. Mustard was dissolved in petrolether to contain 4.2 mg in 1 mL of the solvent. Aliquots of 0.1 ml were pipetted onto a layer of the magnesium sample, the vials were immediately sealed, and put into a thermostat for a certain time. Then the reaction mixtures were analysed for the HD residual content. Each experiment was repeated four times. Results are summarised in Table 6 . The results of the kinetics evaluations are illustrated in Figure 4 . The conversion of the HD by the evaluated reagent is not very fast; the conversion can reach up to ca. 40 % during a three-hour reaction. Logarithmic kinetic data gave a smooth curve showing that the course of the observed heterogeneous reaction does not exhibit two stages. Conversely, it's apparent from the graph that the reaction proceeds quickly at the beginning, and as time of the reaction elapses the reaction rate continuously slows down. This behaviour might be attributed to the gradual depletion of the mustard at the active centers of the magnesium reagent followed by a di®usion-controlled process of the HD redistribution over the reagent surface. Another explanation for the kinetic curve can be based on the concept of a gradual consumption of the magnesium sample since it is present as the stoichiometric reagent, whose surface is considered uniformly (evenly) reactive. In any case the observed course of the reaction can be considered to be faster compared to that of a reaction performed without solvent.
Conclusion
The following conclusions can be made from the reactivity experiments: The observed reaction rate of the toxic agent with the powdered nanosized reagent can be accelerated when the agent, dissolved in a suitable solvent, is spread over the powdered reagent making sure that wetting is even over the whole reagent surface. Among the solvents tested, petrolether was the most suitable both for e±ciency and safety reasons. Table 5 The residual content of HD after its reaction on the magnesium samples (reaction time 1 hour, temperature 25¯C, charge of the respective samples in the reaction 30 mg, 0,25mg HD dissolved in 0.1 ml petrolether). Table 6 Time dependence of the mustard conversion on Mg 25/2/380 sample (the Mg reagent charge of 500 mg, 0.42 mg of HD in 0.1 ml of petrolether, temperature of 25¯C). 
